This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. ABSTRACT Wild soybeans (Glycine soja Sieb. & Zucc.) are generally higher in protein and lower in oil with potential advantages as forage than cultivated soybeans. This study was conducted to evaluate forage yield and quality of wild soybeans. Three wild soybeans were compared to three cultivated soybeans for forage yield and quality at the full bloom stage, full pod stage, and full seed stage (R6) of development. The wild soybeans had significantly lower forage yield than cultivated soybeans at R6 which was determined to be the best stage to harvest based on forage quantity and quality. Wild soybean also had lower crude fat (2.0%) and crude protein (17.7%) concentration than cultivated soybean (5.7 and 21.3%, respectively) at the R6 stage. There were no significant differences for neutral detergent fiber, acid detergent fiber and relative feed value among growth stages between cultivated and wild soybean. The neutral detergent fiber was 40.2 and 40.4%, acid detergent fiber was 26.1% and 27.5%, and relative feed value was 161 and 158 at R6 stage for cultivated and wild soybean, respectively. Wild soybean had less forage yield at harvest time but had similar forage quality comparable to cultivated soybean. However, wild soybeans have smaller and softer stems for potentially improved palatability and feed intake than cultivated soybeans. Therefore, it will be a good genetic source to improve forage characteristics of soybean.
INTRODUCTION
Soybean [Glycine max (L.) Merr.] , an edible legume, is one of the most important major crops in the world along with rice and wheat since its seed is high in protein and other nutrients for humans and animals. Soybean has high value not only as food but as a raw material for the various industrial products, bio-energy, and forages. Soybean is high in protein in the hay as well as in the grain, thus it is used as a supplement to other forages in which protein concentration is deficient (Albro et al. 1993) .
Soybean was introduced to the USA in the mid-1800s and was historically planted as forage and hay crop (Arny 1926) . During the early 20 th century, research
showing the soybean's value as forage for silage or hay progressed and was well accepted. Hackleman (1924) concluded that soybeans were the best annual nitrogenous seed and hay-producing plant among legumes. Later in the century, soybeans were evaluated for forage quality and yield. Crude protein (CP) concentrations of soybean hay generally ranges from 12 to 14% for stems, 19 to 20% for leaves, and 12 to 27% for pods, depending on the stage of development (Miller et al. 1973) . Hintz et al. (1992) observed that the CP concentrations declined from R1 (beginning bloom stage) to R3 (beginning pod stage), remained constant between R3 and R5 (beginning seed stage), but then increased from R5 to R7 (beginning maturity stage). Neutral detergent fiber (NDF), acid detergent fiber (ADF) and acid detergent lignin (ADL) concentrations increased from R1 to R5 and then decreased from R5 to R7. Also, at the R5.5 growth stage (between beginning seed and full seed), average CP was 15.5%, ADF was 36.2% and NDF was 46.9% (Seiter et al. 2004) . Soybean forage harvested at R7 showed similar quality levels as those of alfalfa hay harvested at early bloom stage of development (NRC 1989) .
Wild soybean (Glycine soja Sieb. & Zucc.) is the ancestor of cultivated soybean and is widely distributed in China, Japan, Korea, Taiwan and eastern Russia (Hymowitz and Singh 1987) . Wild soybeans crossed naturally with the cultivated soybeans showed relatively vigorous growth even under infertile soil and dry environment conditions (Hymowitz 1970) .
Since wild soybeans grow naturally and are common in Asia, farmers have used them as forage for centuries. Forage quality and yield for wild soybean have been reported. According to Lee et al. (1993) , the CP contained in the leaves and the seeds of wild soybeans were 28% and 46%, respectively and around 17% in the whole plant. The NDF concentrations were 50%, 48%, and 62% each in the leaves, seeds, and the whole plants, respectively. ADF concentrations in the leaves, seeds, and whole plants were 28%, 28%, and 45%, respectively. Zhai et al. (2008) reported that dry matter yield harvested from earliest to latest soybean growth stages ranged from 2.3 to 6.5 t ha -1
. Mean nutritional components were 19.1%, 35.5%, and 25.4% for CP, NDF, and ADF, respectively indicating that wild soybeans are good forage crop.
Limited results have revealed that cultivated and wild soybeans are comparable as forage crops. However, there are few studies accessing the value of wild soybeans as forage or as potential source to use in breeding to improve forage soybeans. Since wild soybeans are common in Korea, this study was conducted to evaluate the yield and quality of wild soybeans as forage in comparison to cultivated soybeans harvested at the three developmental stages.
MATERIALS AND METHODS

Field trials
Evaluation of forage yield and quality during different developmental stages of cultivated soybeans and wild soybeans was conducted over two years (2010 and 2011) in the experimental field of Gyeongsangbuk-do Agricultural Research and Extension Services in Daegu, Republic of Korea. There is no cultivated forage soybeans specifically developed for Korea. Therefore, three cultivated soybeans, Daewonkong (Kim et al. 1998) , Pungsannamulkong (Suh et al. 1997), and Bosug (Oh et al. 2003) (Fehr et al. 1971) . Yield was taken as the fresh weight and the dry matter of plants from the two center rows of each plot. To determine the dry matter concentration, plant samples from each plot were oven-dried at 65℃ for at least 72 h or until dry. Then, the fresh weight was multiplied with the dry matter concentration. All the samples used in the experiment were dried with the same method as above.
Chemical analyses
Forage quality, such as CP, crude fat (CF), ADF, NDF, digestible dry matter (DDM), dry matter intake (DMI), and relative feed value (RFV) were analyzed for each sample harvested from different reproductive stages.
Dried samples were ground in a 20 mesh Wiley mill (Ultra centrifugal mill ZM 200, Retsch, Germany) for the analyses. Moisture contents were measured by using a Moisture meter (MA35, Satorius, Germany). The CP was analyzed by the Dumas method according to AOAC (2011) . The CP concentration (% CP = % N × 6.25) was determined by measuring nitrogen concentration after combustion of a 200 mg sample at 1,200℃ using Total 161 ** Significant at the 0.01 level of probability. * Significant at the 0.05 level of probability.
ns, not significant at the 0.05 level of probability. z) The environments included three different planting date (2 July 2010 , 20 May 2011 and 20 June, 2011 . y) G. max entries were Daewonkong, Pungsannamulkong, and Bosug. G. soja entries were IT184141, KLG12807, and KLG12816. x) Three harvest stages were R2 (full bloom stage), R4 (full pod stage), and R6 (full seed stage).
an Elemental Analyzer (Vario Max CNS, Elementar, Germany). The CF concentration was determined from two gram plot samples using an automatic Soxhlet extractor (Soxtherm, Gerhardt, Germany) according to the AOAC (2011) method. The solvent used for the CF extraction was petroleum ether.
The ADF and NDF were determined from 0.5 g plot samples using a Fiber Analyzer (ANKOM  2000 Fiber Analyzer, Ankom Technology, Macedon NY) based on the methods in Goering & Van Soest (1970) and Van Soest & Robertson (1980) . The solvent used for the ADF was acid detergent solution (FAD20C, ANKOM Tech.), while for NDF analysis neutral detergent solution (FND20C, ANKOM Tech.), sodium sulfate, and heat stable alpha-amylase were used. DMI was estimated based on the analyzed NDF concentration of the forage (DMI = 120/NDF). DDM was calculated from the analyzed ADF concentration of the forage (DDM = 88.9 -(0.779 × ADF)). RFV reflects how well an animal will eat and digest particular forage if it is fed as the only source of energy. The RFV was calculated as an index representing the intake rate and digest rate by using an equation RFV = (DDM × DMI)/1.29 (Holland et al. 1990 ).
Data analysis
All the results of experiment were analyzed for ANOVA using General Linear Model procedure of SAS (version 9.2, by SAS Institute, Inc., Cary, NC, USA). Comparisons of significance for each factor were carried out at the 0.05 level of significance using the least significant difference test and t-test.
RESULTS
Analysis of variance for forage related characters
ANOVAs for different variables are shown in Table 1 . Multi-environment tests revealed that the fresh and dry matter yield of forage was affected by growing environment (E) (P < 0.0002), genotype (G) (P < 0.0001) and growth stage (S) (P < 0.001). Also E × G, E × S, G × S, and E × G × S interactions were significant for the fresh and dry matter yield of the forage. The E, E × S and E × G × S interactions were not significant for CF concentration. Most of the variance and interactions for CP, NDF, ADF, and RFV were significant. The G × S and E × G × S interactions were not significant for RFV (Table 1) .
Comparison of forage yield and quality between G. max and G. soja, among growth stages
Fresh weight and dry matter yield of soybean forage increased from growth stages R2 to R6 in cultivated soybean ( Fig. 1 and Table 2 ). The average fresh forage yield of cultivated soybeans were 4.4 t ha -1 (R2), 12.7 t ha -1 (R4), and 16.3 t ha -1 (R6), and the average dry matters were 0.9 t ha -1 (R2), 3.4 t ha -1 (R4), and 4.9 t ha -1 (R6). This trend was similar for fresh weight and dry matter yield changes among growth stages in wild soybean. The average fresh weight of wild soybean were 6.1 t ha -1 (R2), 8.9 t ha -1 (R4), and 9.9 t ha -1 (R6), and the average dry matters were 1.3 t ha -1 (R2), 2.3 t ha -1 (R4), and 2.9 t ha -1 (R6).
The forage fresh weight and dry matter yield between cultivated soybean and wild soybean were not significantly different at R2. However, cultivated soybeans averaged significantly higher (P<0.05) at R4 and (P<0.01) at R6 in forage yield than in wild soybeans (Table 2 ). When average ns, *, and ** stand for not significant, significant at the 0.05 and 0.01 level of probability, respectively. Rows followed by the same letter were not significantly different at P < 0.05 z)
G. max entries were Daewonkong, Pungsannamulkong, and Bosug. G. soja entries were IT184141, KLG12807, and KLG12816. y) R2, R4, and R6 are growth stages at full bloom, full pod, and full seed, respectively.
x)
The environments included three different planting date (2 July 2010 , 20 May 2011 and 20 June, 2011 yield was taken across all soybean accessions and environments, the forage yield significantly increased as soybean maturity progressed from R2 to R6 (Table 2 ). The differences in CF, CP, NDF, ADF, and RFV at different growth stages are presented in Fig. 2 and Table 2 . CF concentration in general, was constant from R2 to R4 in both cultivated and wild soybeans. However, a significant increase was noted from R4 to R6 (Fig. 2 and Table 2 ). The difference for CF between cultivated and wild soybean at R2 (1.6% and 1.5%, respectively) and R4 (1.7%, and 1.2%, respectively) was not significant, however cultivated soybean accumulated more CF at R6 (5.7%) stage than wild soybeans (2.0%). Mean CF concentrations of all the soybean accessions used in this experiment were not significantly different from R2 (1.5%) to R4 (1.5%) but it increased significantly from R4 to R6 (3.9%).
CP increased in cultivated soybeans as maturity progressed from R2 to R6 (Table 2 and Fig. 2 ). CP concentrations increased in Daewonkong from earliest to latest growth stage (15.8% at R2, 18.4% at R4 and 21.0% at R6), while it was constant in Bosug from R2 (16.9%) to R4 (16.9%) and increased at R6 to 20.9%. CP was relatively constant and not significantly different over growing periods (20.9% at R2, 20.6% at R4 and 22.1% at R6) for Punsannamulkong.
On the contrary, CP significantly increased in wild soybeans from R2 (16.1%) to R4 (18.2%) and then decreased from R4 to R6 (17.7%) but the decrease was not significantly different from the value at R4. CP concentrations in general, increased in IT184141 and KLG12807 from R2 (16.4% and 16.1%) to R4 (18.0% and 17.3%) and then decreased from R4 to R6 (18.0% and 16.1%), but the differences were not significant as growth progressed from R2 to R6. In KLG12816, CP significantly increased from R2 (15.9%) to R4 (19.5%) and decreased slightly from R4 to R6 (19.0%) (Fig. 2 and Table 2 ).
The NDF value tended to decrease from R2 to R6 stages. Decreasing trends in NDF were observed in Bosug, IT184141, KLG12807, and KLG12816 as growth stages progressed from R2 to R6. On the other hand, NDF in two cultivated soybean genotypes, Pungsannamulkong and Daewonkong, responded differently as harvest was delayed. NDF values increased from R2 (40.7%) to R6 (41.3%) in Pungsannamulkong, while it increased in Daewonkong from R2 (40.3%) to R4 (42.5%) followed by a decrease (39.2%) at R6 but in general, most of individual NDF values for each accession were not significantly different (Fig. 2) . Though mean NDF concentrations in cultivated soybeans did not significantly change from R2 (41.2%) to R4 (42.0%), a significant decrease in NDF was observed from R4 to R6 (40.2%). However, average NDF values in wild soybeans significantly decreased from R2 (43.5%) to R6 (40.4%). There was no difference for NDF values at each growth stage between cultivated and wild soybean. When average was computed across all soybean accessions, the NDF values decreased from R2 to R4 but differences were not significant; however NDF significantly decreased from R4 (42.0%) to R6 (40.3%) ( Table 2) . The ADF value also tended to decrease as harvest growth stages progressed. ADF slightly increased in Daewonkong from R2 (27.7%) to R4 (29.6%) but decreased from R4 to R6 (25.8%) while there was no change in Pungsannamulkong, Bosug, and KLG12816 from R2 to R4 followed by a decrease from R4 to R6 stage. The ADF concentrations in IT184141 and KLG12807 showed a decreasing trend as harvest was delayed from R2 to R6 in this study (Fig. 2) .
Mean ADF value in the cultivated soybeans was not significantly different from R2 (29.6%) to R4 (30.0%), but significantly decreased from R4 to R6 (26.1%). On the other hand, ADF significantly decreased in the wild soybeans from R2 (31.7%) to R6 (27.5%). Mean ADF value across soybean accessions ( Table 2) was not significantly different from R2 (30.6%) to R4 (30.1%) but significantly decreased from R4 to R6 (26.8%). There were no significant differences between cultivated and wild soybeans for ADF at any of the harvest growth stages.
Generally, RFV increased from R2 to R6. However, soybean accessions showed slightly different patterns for RFV from earliest to latest growth stages (Table 2 and Fig.  2 ). Cultivar Daewonkong decreased in RFV from R2 (156.6) to R4 (144.8) and then sharply increased at R6 (165.9). Bosug's RFV was almost constant from R2 (141.2) to R4 (141.9) then increased from R4 to R6 (159.4). The RFV in Pungsannamulkong and KLG12816 generally increased as harvest stages moved from flowering to maturity but differences were not significant. IT184141 showed a significant increase in RFV from R2 (137.5) to R6 (156.3). RFV significantly increased from R2 (133.6) to R4 (147.3), but it was constant after stage R4 in KLG12807 (Fig. 2) . There was no significant difference for RFV at the three growth stages when averaged over accessions between cultivated and wild soybean. Mean RFV across soybean accessions showed no differences between R2 (144) and R4 (146), but was higher at the R6 stage (159) than earlier growth stages.
DISCUSSION
Soybean has historically been used as a forage crop and evaluated for forage yield and quality. Most previous studies reported that the forage yield increased from early reproductive stage (R1) to early maturity growth stages (R6 or R7) (Rao et al. 2005; Sheaffer et al. 2001; Hintz et al. 1992) . In this study similar results were obtained with the previous reports. The wild and cultivated soybean accessions we evaluated had the highest forage yield at R6 stage which were significantly higher than the values obtained at the R2 and R4 growth stages ( Fig. 1 and Table 2) . Hintz et al. (1992) observed that CP concentrations declined from R1 to R3, remained constant between R3 and R5 but increased from R5 to R7. NDF and ADF concentrations increased from R1 to R5 and then decreased from R5 to R7. Seiter et al. (2004) found that CP, ADF, and ADF increased from R3 to R5.5. Munoz et al. (1983) noted that CP concentration increased significantly beyond R5. Zhai et al. (2008) planted three wild soybeans lines on April 29 and harvested soybeans for forage five times at 20 days intervals. They reported that CP concentrations decreased as forage harvest was delayed throughout the growing period. NDF concentrations increased from the first until the fourth harvest growth stage and then decreased but the decrease was not significant. Also, ADF concentrations increased until the third harvest growth stage and then decreased afterwards.
The differences among results of previous research for the forage quality seem to be related to variety of soybeans used in the experiments and differences in the growth stages. For example, Hintz et al. (1992) used only three varieties of cultivated soybeans for the experiment, while Seiter et al. (2004) used only one forage soybean. Zhai et al. (2008) used three lines of wild soybeans, while Munoz et al. (1983) used only cultivated soybean varieties for their experiment.
We also evaluated several forage parameters such as CF, CP, ADF, and NDF for wild and cultivated soybeans ( Fig.  2 and Table 2 ). The results for forage quality by growth stages showed that the CF concentration was similar at R2 and R4, and peaked at R6 in both wild-and cultivated soybean types.
In the cultivated soybean CP concentrations varied among the three cultivars from R2 to R4 but increased and were highest at R6 which was consistent with the results by Hintz et al. (1992) . However, the CP concentrations in the wild soybean were either constant or decreased after R4. This tendency was a little different from the results by Zhai et al. (2008) , but was consistent with tendency for CP to decrease in wild soybean as harvest growth stages was delayed unlike cultivated soybeans in which CP was highest when harvest was at latest growth stages.
In general, NDF and ADF concentrations showed the largest values at R4 in cultivated soybeans followed by a decrease after R4 which was similar to results reported by Hintz et al. (1992) and Zhai et al. (2008) , whereas NDF and ADF concentrations in the wild soybeans decreased after R2.
At R6, average NDF and ADF of cultivated soybeans were 41.2%, 26.6%, and an average NDF and ADF of wild soybeans were 40.4%, 27.5%, respectively. These values were classified as forage Grade 1 according to Standard of Forage Quality by American Forage and Grassland Council. The RFV was 161 and 158 at R6 stage for cultivated and wild soybean, respectively. Overall, in both cultivated and wild soybean, the R6 was the optimal harvest stage to provide forage of high quality and adequate quantity for animals. This is consistent with the previous researches which have shown that the optimal harvest stage is at R6 to R7 (Willard 1925; Munoz et al. 1983; Hintz et al. 1992) .
Based on our results and previous reports (Lee et al. 1993; Zhai et al. 2008) , wild soybean has comparable forage quality with cultivated soybean (Table 2) for NDF, ADF, and RFV.
Wild soybeans grow naturally throughout in Korea and have been used as forage for many centuries. It has viny growth habit with more slender stems than cultivated soybean which should make wild soybeans easier for cattle to eat. Even though wild soybeans have benefits for feed, it has unfavorable characters such as shattering at maturity and hard seed coats that affect germination for directly planting seed for a forage crop. Fortunately, cultivated soybean and wild soybean hybridize easily and exhibit normal meiotic chromosome pairing. Therefore, wild soybean is a valuable resource to improve cultivated soybean (Concibido et al. 2003; Kabelka et al. 2005; Ha et al. 2013) .
We evaluated the forage yield and quality of wild soybean. Wild soybean had less forage yield at various harvest stages but had similar forage quality compared to cultivated soybean. However, cultivated soybean generally has harder and bigger stems, which are often less palatable for cattle than forage from wild soybean with smaller and softer stems. It is possible through hybridization between cultivated and wild soybean to develop semi-wild type soybeans without hard seed, shattering at maturity, and semi-erect, indeterminate plants with thinner stems and as much biomass as cultivated soybean. Soybeans with these traits will facilitate the use of soybeans in cropping systems for production of high quality forage for soybean monocropping, and for mixed planting of corn and soybean. Thus, wild soybean will likely be a good genetic source to improve yield and quality of forage soybean. More studies among selections from crosses of cultivated x wild soybeans are necessary to truly access the value of wild soybeans to improve soybean as a forage crop.
